The ability of enteric bacteria to protect themselves against reactive nitrogen species generated by their own metabolism, or as part of the innate immune response, is critical to their survival. One important defence mechanism is their ability to reduce NO (nitric oxide) to harmless products. The highest rates of NO reduction by Escherichia coli K-12 were detected after anaerobic growth in the presence of nitrate. Four proteins have been implicated as catalysts of NO reduction: the cytoplasmic sirohaem-containing nitrite reductase, NirB; the periplasmic cytochrome c nitrite reductase, NrfA; the flavorubredoxin NorV and its associated oxidoreductase, NorW; and the flavohaemoglobin, Hmp. Single mutants defective in any one of these proteins and even the mutant defective in all four proteins reduced NO at the same rate as the parent. Clearly, therefore, there are mechanisms of NO reduction by enteric bacteria that remain to be characterized. Far from being minor pathways, the currently unknown pathways are adequate to sustain almost optimal rates of NO reduction, and hence potentially provide significant protection against nitrosative stress.
Sources of nitrosative stress
The ability of both pathogenic and free living bacteria to protect themselves against nitrosative stress is critical to their survival. Escherichia coli encounters reactive nitrogen species as part of its own metabolism during nitrate reduction. Nitrate is reduced to nitrite, which is then reduced to ammonia, and a side reaction generates NO (nitric oxide) from nitrite. NO is also produced by host defence mechanisms such as neutrophils and activated macrophages [1] [2] [3] . Reactive nitrogen species are capable of damaging bacterial proteins, lipids and DNA. NO is capable of binding metal centres, such as Fe-S clusters of proteins.
Three main methods for detoxifying NO have already been identified in E. coli. Under aerobic conditions, the flavohaemoglobin Hmp detoxifies NO through oxidation to nitrate, while under anaerobic conditions Hmp is capable of reducing NO to N 2 O [4, 5] . The cytochrome c periplasmic nitrite reductase, NrfA, is capable of reducing both hydroxylamine and NO to ammonia, in addition to its primary function in respiratory reduction of nitrite [6] [7] [8] . It has been proposed that NrfA in the periplasm might be effective in maintaining low levels of NO, such that any that does diffuse into the cytoplasm can be effectively removed by flavorubredoxin, encoded by norV [8] . NorR is a transcription factor that is responsive to NO [9] . Under anaerobic conditions NorR up-regulates the E. coli flavorubredoxin, NorV, and its associated oxidoreductase, NorW, which function to reduce NO to N 2 O [10] . Finally, there is some fragmentary evidence that the cytoplasmic nitrite reductase, NirB, can generate NO as a side-product during NADH-dependent nitrite reduction to ammonia, but we are unaware of any direct evidence that it can also catalyse NO reduction to ammonia.
Clearly there are several NO detoxification pathways that enable E. coli cells to persist in the presence of NO under several environmental conditions. Under aerobic conditions, the flavohaemoglobin Hmp is a critical protein. Under anaerobic conditions, the transcription of nrfA is induced, and so both NrfA and NorV, which is activated by NorR, are important for survival. It has not yet been investigated whether these proteins are either sufficient or the only pathways for NO reduction in E. coli. No data are yet available whether similar rates of NO reduction are induced during growth in the presence of nitrate or nitrite as a terminal electron acceptor. The following data will address these problems.
NO reduction in E. coli cells using nitrate or nitrite as a terminal electron acceptor
E. coli strains used in this study were RK4353 (lacU169 araD139 rpsL gyrA non) [11] , JCB 5205 (nirBDC), JCB 5206 (nrfAB), JCB 5217 (norV), JCB 5219 (hmp) and JCB 5210 (nirBDC nrfAB norV hmp). Bacteria were grown anaerobically in an MS (minimal salts) medium [12] supplemented with 10 % (v/v) Luria-Bertani broth, 0.4 % glycerol, 20 mM TMAO (trimethylamine N-oxide), 20 mM fumarate and, where indicated, 20 mM nitrate or 2.5 mM nitrite.
E. coli is capable of adapting its transcriptome according to the terminal electron acceptor that is available for reduction [13] . To investigate whether the response to these terminal electron acceptors extended to inducing the level of NO reduction, bacteria were grown in the presence of either sodium nitrate or sodium nitrite as a terminal electron acceptor in addition to the fumarate and TMAO present in the minimal medium. When the attenuance of the culture at 650 nm had reached 0.6-0.8, bacteria were harvested, washed and rates of NO reduction were determined using an NO electrode. An Oxytherm electrode control unit was used with an S1/MINI Clark type electrode disc and the Oxygraph Plus data acquisition software (Hansatech Instruments). To prepare NOSW (nitric oxide saturated water), distilled water (5 ml, pH 3) was pipetted into a glass bijou, which was then closed with a turnover rubber stopper (Fisher Scientific). A small amount of silicone grease was applied to the rubber septum. Two needles were then inserted into the bottle; one to the bottom of the liquid and a shorter one into the headspace. Nitrogen and NO cylinders (BOC Gases) were attached by silicone tubing so that gases could be passed through conical flasks of distilled water and 3 M NaOH to the needles in the vessel. The water was bubbled first with nitrogen for 30 min, then with NO for 30 min to produce water that was saturated with NO (2 mM). The needles were removed and the bottles were sealed with Parafilm to prevent any oxygen leaking into the vessel. When required, NOSW was removed from the bottles using a syringe and a needle. The following were added to the electrode chamber: degassed assay buffer (1688 μl); glucose (1 M, 32 μl); glucose oxidase (0.4 unit/μl, 20 μl); catalase (4 units/μl, 10 μl) and cells (100 μl). When the trace had stabilized at 0, NO reduction was started by the addition of NOSW (2 mM, 150 μl). The initial arbitrary rate of NO reduction, as given by the 'rate measurement' function of the Oxytherm electrode control unit, was recorded. The rate of NO reduction by the parent strain RK4353 after growth in the presence of nitrite was close to 14 nmol of NO reduced/min per mg of dry cell mass, whereas the rate of NO reduction for cells grown in the presence of nitrate was 27 nmol of NO reduced/min per mg of dry cell mass (Table 1 ). This result suggested that NO reduction by E. coli was induced in response to nitrate.
Rate of NO reduction by single mutants defective in known NO reductases
To investigate whether there was any difference in rates of NO reduction by mutants defective in known NO reductases, an isogenic set of mutants was required. The nirBDC strain, JCB 5205, the nrfAB strain, JCB 5206, the norVW strain, JCB 5217, the hmp strain, JCB 5219 and a parental strain, RK4353, were grown anaerobically in minimal medium supplemented with nitrate (20 mM) or nitrite (2.5 mM). The rate of NO reduction in each case for cells grown on nitrite was close to 14 nmol of NO reduced/min per mg of dry cell mass, whereas the rate of NO reduction for cells grown on nitrate was close to 27 nmol of NO reduced/min per mg of dry cell mass (Table 1 ). In each case the rate of NO reduction was similar to the parent. This result suggests that, irrespective of how the bacteria had been grown, no single enzyme is responsible for the majority of NO reduction by E. coli.
Rate of NO reduction by mutants defective in several known NO reductases
Attempts were then made to decrease the capacity of E. coli to reduce NO by constructing a quadruple mutant defective in a combination of NO reductases. The nirBDC nrfAB norVW hmp strain, JCB 5210, was grown anaerobically on minimal medium supplemented with nitrate (20 mM) (Figure 1 ). Growth of this strain was similar to that of the parent for the first 5 h. However, when the attenuance had increased to 1.0, growth of the quadruple mutant stopped abruptly, whereas the parent continued to grow. The continued growth of the parent confirms that the medium still contained nutrients required for growth. After 5 h of growth, the concentration of nitrate in the medium had decreased. It has been reported previously that, at this low nitrate concentration, NarG starts to reduce nitrite to NO instead of reducing its cognate substrate, nitrate [14] [15] [16] [17] [18] . The build up of NO in the mutant strain lacking NirB, NrfA, NorVW and Hmp would be toxic, and hence cause a growth defect.
In a separate experiment, the quadruple mutant, JCB 5210, was grown anaerobically in minimal medium supplemented with nitrate (20 mM) or nitrite (2.5 mM) and was assayed in the NO electrode. The rate of NO reduction by JCB 5210 cells grown in the presence of nitrite was close to 11.5 nmol of NO reduced/min per mg of dry cell mass, and the rate of NO reduction by strain JCB 5210 grown using nitrate as a terminal electron acceptor was 20 % lower than the parent, close to 21.4 nmol of NO reduced/min per mg of dry cell mass (Table 1) . However, because there is still residual activity, it is clear that there must be one or more major pathways for NO reduction that remain to be characterized. These potentially provide significant protection against NO in E. coli.
Concluding remarks
The reduction of NO in E. coli is inducible in response to nitrate. How this response is regulated is unknown, but it might be controlled by the transcription factor NarL. There is a major pathway for NO reduction in addition to NirB, NrfA, NorV and Hmp that remains to be characterized.
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